Background--Air pollution is associated with greater cardiovascular event risk, but the types of events and specific persons at risk remain unknown. This analysis evaluates effects of short-term exposure to fine particulate matter air pollution with risk of acute coronary syndrome events, including ST-segment elevation myocardial infarction, non-ST-segment elevation myocardial infarction, unstable angina, and non-ST-segment elevation acute coronary syndrome.
A substantial body of evidence indicates that exposure to ambient fine particulate matter air pollution (fine particulate matter ≤2.5 lm in aerodynamic diameter [PM 2.5 ]) contributes to cardiovascular morbidity and mortality. 1, 2 Various prospective cohort studies of long-term exposure (years or decades) have found that elevated PM 2.5 exposures are associated with increased risk of cardiovascular disease mortality [3] [4] [5] [6] [7] [8] [9] and may contribute to the initiation and progression of related chronic diseases including atherosclerosis, hypertension, and diabetes. 10, 11 The Global Burden of Disease 2010 analysis reported comparative burden of disease risk assessments from 67 risk factors. These assessments estimate that both ambient and household air pollution are among the top 10 contributors to global burden of disease, in large part because of the estimated effect of PM 2.5 on ischemic heart disease. 12 There is also evidence that short-term exposure (hours to a few days) to PM 2.5 may help trigger acute coronary syndrome (ACS) events including myocardial infarction (MI) and unstable angina (UA) events, 13, 14 especially in persons with preexisting coronary artery disease (CAD). [15] [16] [17] Furthermore, a recent study reported evidence that short-term elevations in PM 2.5 exposure trigger ST-segment elevation MI (STEMI) but not non-STEMI (NSTEMI). 18 The present study used %20 years of ACS event data from a large, ongoing registry of well-characterized patients who underwent coronary arteriography. 19, 20 These data were linked with air pollution and weather data and analyzed using a case-crossover design. This study had 3 specific objectives: (1) Evaluate the effects of elevations in short-term exposure to PM 2.5 on ACS events, including STEMI, NSTEMI, UA, and non-ST-segment elevation ACS (NSTE-ACS); (2) explore the potential triggering effects of PM 2.5 , specifically for persons with existing angiographic CAD, defined in this analysis as ≥1 coronary artery with ≥70% maximal stenosis as determined at angiography; and (3) explore potential effect modification of various other indicators of preexisting disease and patient characteristics. In addition, sensitivity analysis of the results of various modeling choices, including nonthreshold versus threshold models, was conducted.
Methods

Study Area and Participants
The study area was Utah's Wasatch Front, which includes a narrow strip of land (%80 miles long from north to south) bordered on the east by the Wasatch Mountain range and on the west by the Great Salt Lake, Utah Lake, and smaller mountain ranges. Approximately 80% of Utah's population lives in the Wasatch Front communities that are part of 3 nearly contiguous metropolitan areas: the city of Ogden and surrounding communities to the north, Salt Lake City and surrounding communities located in the center, and Provo/ Orem and surrounding communities to the south. This relatively well-defined area experiences substantial variability in air pollution resulting from densely populated mountain valley topography and frequent temperature inversions.
Study participants included patients who received coronary angiography within the Utah-based Intermountain Healthcare system and who participated in the catheterization registry of the Intermountain Heart Collaborative Study. 19, 20 Male and female patients of unrestricted age were included in the registry. All angiograms were performed during the ACS admission based on a referral due to clinical signs or symptoms and clinical laboratory evidence of acute MI or unstable chest pain. Consistent with the case-crossover design, only patients with these ACS events were included in the study.
Patient information included residential address, age, sex, smoking history (active or previous, >10 pack-years), and body mass index. Other information on preexisting disease and patient characteristics included angiographic CAD, defined as ≥1 coronary artery with ≥70% maximal stenosis as determined at angiography; congestive heart failure, as reported by a physician based on clinical symptoms; hypertension, as reported by a physician for systolic blood pressure ≥140 mm Hg, diastolic blood pressure ≥90 mm Hg, or use of antihypertensive agents; hyperlipidemia, as reported by a physician for total cholesterol ≥200 mg/dL, low-density lipoprotein level ≥130 mg/dL, or use of cholesterol-lowering medication; diabetes, as determined based on physicianreported fasting blood sugar level ≥126 mg/dL or use of an antidiabetic medication; and family history, based on selfreported information that a first-order relative suffered cardiovascular death, MI, or coronary revascularization at age <65 years.
Specific ACS event data used for this analysis included information on event onset date and the type of acute coronary event. The specific ACS events studied included STEMI, 21 NSTEMI 22 (including MI not specifically diagnosed as STEMI), and UA. 22 The diagnoses of STEMI, NSTEMI, and UA were not based directly on billing codes but rather on a clinical diagnosis (overall clinical evidence including symptoms, electrocardiographic evidence, and cardiac troponin levels) 22 made by the cardiologist at the time of angiography. In addition, as part of this analysis, NSTEMI and UA events were combined to approximately represent overall NSTE-ACS events. 22 Subsequent MI events identified by searching the Intermountain Healthcare electronic medical records database were also included. Between September 10, 1993, and May 15, 2014, a total of 27 486 ACS events were identified. Most patients lived in Utah and in neighboring western states. This analysis was restricted to the 16 314 eligible events experienced by patients who lived in the Wasatch Front study area (based on ZIP code of patient residency).
The study used deidentified data from the cardiac catheterization database registry and health care electronic medical records database under a data use agreement that required data security and confidentiality. The study was approved by the Intermountain Healthcare institutional review board and was granted a waiver of informed consent.
Pollution and Weather Data
Daily weather data were collected from the National Weather Service using the Salt Lake City International Airport Station from January 1, 1993, through September 29, 2014. Weather data collected included daily minimum, average, and maximum temperatures (Fahrenheit); dew point temperature (Fahrenheit); and barometric pressure (inches).
Particulate air pollution data for PM 2.5 and inhalable particulate matter ≤10 lm in aerodynamic diameter (PM 10 ) were compiled from the Utah Department of Environmental Quality, Division of Air Quality, and the U.S. Environmental Protection Agency Air Quality System for the time period January 1, 1993, through September 29, 2014. Monitoring was conducted in accordance with the Environmental Protection Agency federal reference method. 23 Available data from monitoring sites in the Wasatch Front study area from January 1, 1993, to September 29, 2014, were collected. Observations of PM 10 concentration >200 lg/m 3 caused by extreme windstorms were deleted. PM 2.5 exposure estimates were based primarily on data from 3 monitoring sites located in the 3 Wasatch Front metro areas: the Ogden site in Ogden, the Hawthorne site in Salt Lake City, and the Lindon site in the Provo/Orem area. PM 2.5 and PM 10 data were collected from each of these 3 primary sites and from nearby secondary sites (North Provo, Spanish Fork, Bountiful, Salt Lake City-Rose Park, and Salt Lake City-AMC monitoring sites). Daily PM 2.5 concentrations for each of the 3 primary monitoring sites were regressed on PM 2.5 data collected from surrounding sites, yielding highly correlated results (R 2 values 0.74-0.94). Missing daily PM 2.5 concentrations at each central site were imputed using the regression results and the PM 2.5 concentrations from the most highly correlated monitor with nonmissing PM 2.5 data. PM 2.5 concentrations that were still missing after imputations using nearby PM 2.5 monitors were estimated using winter (December to February) and nonwinter ratios of PM 2.5 to PM 10 from the nearest monitoring site with nonmissing data. During winter months, low-level temperature inversion episodes become more common, trapping local emissions in a stagnant air mass near the valley floor and leading to elevated particulate matter concentrations. These stagnant air conditions result in a relatively high PM 2.5 /PM 10 ratio, whereas summer months have lower PM 2.5 /PM 10 ratios. Assignments of exposure for the event period and the referent periods are based on the Wasatch Front metropolitan area of the patient's residence (based on ZIP code) and the PM 2.5 exposure estimates for that metro area. Overall, 79% of PM 2.5 concentrations for all eligible event and referent days were from central-site monitoring, 20% were imputed (as indicated above), and 1% were missing.
Statistical Analysis
The primary statistical analysis of ACS events and ambient PM 2.5 is based on a time-stratified case-crossover design. [24] [25] [26] This approach matches exposures at the time of event with ≥1 period when the event did not occur (control or referent periods) and estimates the potential excess risk using conditional logistic regression. Control or referent periods are matched for day of the week in the same month and year as the event, resulting in up to 3 or 4 control periods per event date. By choosing these matching referent periods close in time and on the same day of the week, time-dependent risk factors (including day of week, seasonality, and long-term time trends) were controlled for by design. Furthermore, because patients served as their own controls, there was near-perfect matching for participant-specific characteristics that do not vary over time (eg, age, smoking status, health history).
The initial model used to analyze the data was a conditional logistic regression model that included concurrent-day PM 2.5 (central monitor plus imputed values) as a simple linear nonthreshold model and controlled for weather variables (minimum temperature, dew point temperature, barometric pressure, and squared terms for each). Based on the Akaike information criterion, alternative threshold models were also estimated that allowed for no effect up to a certain threshold and a linear effect thereafter. In addition, we estimated a threshold model with the threshold specifically set at the current U.S. National Ambient Air Quality Standard for PM 2.5 of 35 lg/m 3 . Odds ratios using both the standard linear and threshold models were estimated for all ACS, STEMI, NSTEMI, UA, and NSTE-ACS events for all patients and for patients with and without CAD. For comparison purposes, and consistent with reporting from various studies and reviews of the literature, [1] [2] [3] [4] [5] [6] [7] [8] 11, [14] [15] [16] odds ratios associated with 10-lg/m 3 incremental increases in PM 2.5 concentration are presented.
To explore the sensitivity of the results, odds ratios were estimated and compared from models that did not control for weather variables, that excluded imputed PM 2.5 data, that excluded subsequent ACS events that occurred in the same month as a previous event, that included control or referent periods matched on the same day of week for the 3 weeks prior to the event with no referent periods following the event, and that had alternative lagged moving average exposures. In addition, analyses stratified by various indicators of preexisting disease and patient characteristics were conducted.
Results
Summary information for daily PM 2.5 concentrations is provided in Table 1 . Figure 1 presents the daily PM 2.5 concentrations at the most central monitor (Salt Lake City-Hawthorne) for the full study period ( Figure 1A ) and, for more detailed illustration, a sample shorter period from September 2003 through April 2004 ( Figure 1B ). On average, the air pollution in the study area during the study period was not high (%10 lg/m 3 ), with most days <20 or <25 lg/m 3 ; however, there were days, especially during wintertime temperature inversions, when PM 2.5 concentrations were substantially elevated. This large variability in PM 2.5 concentrations provided an excellent research opportunity (natural experiment) to evaluate whether short-term elevations in PM 2.5 were associated with elevated risk of acute coronary events. Table 2 presents baseline participant characteristics for ACS events, separated by STEMI, NSTEMI, and UA events. Note that there is substantial preexisting cardiovascular disease, and 76% of all events and 95% of STEMI events occurred in patients with clinically significant CAD. Table 3 presents the odds ratios (and 95% CIs) associated with a 10-lg/m 3 increase in concurrent-day PM 2.5 for nonthreshold and threshold models. Based on the Akaike information criterion, the alternative threshold model (which allowed for no effect up to 25 lg/m 3 PM 2.5 , with a linear effect thereafter) fit the data better than the linear model. Table 3 presents results for all events and for the subgroups of STEMI, NSTEMI, UA, and NSTE-ACS events stratified by those with and without CAD for both the nonthreshold and threshold models. In general, elevated concurrent-day PM 2.5 exposures were associated with greater risk of ACS events, but the results differed substantially depending on the type of event and whether or not the patient had existing CAD. Significant PM 2.5 effects were observed only for patients with preexisting CAD (potentially in part due to the lower sample size). PM 2.5 effects were observed for STEMI events but not for NSTEMI events. PM 2.5 effects were also observed for UA events, particularly for those with CAD. Based on results presented in Table 3 , it is also apparent that the effect estimates were larger for increases in PM 2.5 >25 lg/m 3 based on the threshold model. The nonthreshold model suggests that for those with existing CAD, a 10-lg/m 3 increase in PM 2.5 is associated with the risk for all ACS, STEMI, and UA events by %3%, 9%, and 6%, respectively. The threshold model suggests that there is minimal or no greater risk up to 25 lg/m 3 , but every 10-lg/m 3 increase in PM 2.5 over that threshold is associated with greater risk for all ACS, STEMI, UA, and NSTE-ACS events by %6%, 15%, 9%, and 5%, respectively. Figure 2 presents comparisons of estimated odds ratios for those with existing CAD compared across various models and alternative lagged exposures. The size and pattern of PM 2.5 effects are not highly sensitive to the inclusion or exclusion of weather variables in the models or to whether or not the imputed PM 2.5 data are included in the analysis. There were %560 subsequent ACS events that occurred in the same month as a previous event. When these events were excluded, results were nearly identical. Similarly, the results were not sensitive to the selection of only referent periods 3 weeks prior to the event. PM 2.5 effect estimates were similar for concurrent-day, previous-day, and 2-day lagged moving average, but fit was somewhat better for concurrent-day exposures. PM 2.5 effects declined gradually for longer lagged moving average exposures. Based on the Akaike information criterion, threshold models that allowed for no effect up to 25 lg/m 3 of PM 2.5 and then for a linear effect thereafter generally fit the data best. A threshold model that allowed for no effect up to the current U.S. National Ambient Air Quality Standard for PM 2.5 of 35 lg/m 3 did not fit the data quite as well as the model with a threshold at 25 lg/m 3 , but it indicated significant increase in risk of ACS at levels above the national standard. Figure 3 presents odds ratios for acute coronary events associated with a 10-lg/m 3 increase in PM 2.5 for those with CAD, using both the nonthreshold and threshold models stratified by indicators of preexisting disease and patient characteristics. Although there was some evidence of differential effects across strata, only a few differences were statistically significant (P<0.05) based on formal statistical tests of effect modification, and even these significant differential effects were not consistent across types of events. Having hyperlipidemia, being aged <65 years, being male, and having a history of smoking were associated with greater estimated PM 2.5 effects for STEMI but not for UA. Congestive heart failure and older age were associated with greater estimated PM 2.5 effects for UA.
Discussion
The results of this analysis indicate that elevated short-term exposures of PM 2.5 are associated with greater risk of an acute coronary event and that the effect of exposures is substantially dependent on the type of event and whether or not the patient has preexisting coronary disease. Significant PM 2.5 effects were observed only for patients with existing CAD. These results are largely consistent with previously reported results 16, 17 and suggest that elevated PM 2.5 exposures can contribute to triggering of acute coronary events, acutely destabilizing and rupturing atherosclerotic plaque, in those with existing clinically significant CAD but not in those with clean coronary arteries.
Another key finding of this analysis is that PM 2.5 -related effects on MI were observed for STEMI events and not for NSTEMI events. These results are somewhat consistent with a recent study using data from the University of Rochester Medical Center Cardiac Catheterization Laboratory 18 that observed that increased PM 2.5 concentrations in the hour prior to ACS onset were associated with STEMI events but not with NSTEMI events. They reported that each 7.1-lg/m 3 increase in previous-hour PM 2.5 was associated with an 18% greater risk of STEMI, which would be an %26% increase per 10-lg/m 3 increase in previous-hour PM 2.5 . In our present analysis, a 10-lg/m 3 increase in concurrent-day PM 2.5 was associated with an estimated 8% to 15% greater risk of STEMI.
Because STEMI typically involves plaque rupture, thrombus formation, and coronary artery occlusion, the differential effect of PM 2.5 on STEMI versus NSTEMI may be suggestive of important mechanisms. 18 In fact, there is evidence that adverse mechanisms associated with PM 2.5 exposure include elevated inflammation and enhanced thrombosis as well as vascular dysfunction and autonomic imbalance. 1,2 A recent randomized, double-blind, crossover intervention study of healthy adults from Shanghai, China, for example, reported that substantial reductions in PM 2.5 exposures for 48 hours from air purification resulted in cardiopulmonary benefits, including decreases in several circulating inflammatory and thrombogenic biomarkers and lower systolic and diastolic blood pressure. 27 Given these implied adverse mechanisms, in the context of universal definition and clinical classification of MI, 28 these results suggest that there are differential effects of PM 2.5 exposures on different types of MI. It is likely, for example, that MI events that occur in those with no CAD by angiogram would be classified as type 2 MI, and these events would be less likely to be associated with short-term elevated exposure to PM 2.5 air pollution than type 1 (or even possibly type 3) MI events.
The discussion of mechanisms is somewhat complicated by another finding of the present study: PM 2.5 effects were not observed with NSTEMIs but were observed with UA events. Furthermore, the PM 2.5 effect on STEMI risk tended to ACS indicates acute coronary syndrome; CAD, coronary artery disease; NSTE-ACS, non-ST-segment elevation ACS; NSTEMI, non-ST-segment elevation myocardial infarction; OR, odds ratio; PM 2.5 , fine particulate matter ≤2.5 lm in aerodynamic diameter; STEMI, ST-segment elevation myocardial infarction; UA, unstable angina. *The number of events used in each of the conditional logistic regressions may be slightly smaller than the total available, as presented in Table 2 , because of missing air pollution or weather data.
be larger in those who were younger and who had a history of smoking, existing CAD, and hyperlipidemia. These apparent risk modifiers were not the same for UA. In fact, the PM 2.5 effect on UA tended to be larger for those who had congestive heart failure and who were older (aged >65 years). The relevance of these results is unclear regarding alternative susceptibility for STEMI versus UA events. When UA and NSTEMI events are combined to approximately represent NSTE-ACS events, 22 they are less strongly associated with short-term increases in PM 2.5 exposures than STEMI events; however, for those with CAD, NSTE-ACS events were significantly associated with elevated PM 2.5 concentrations >25 lg/m 3 . Given the difficulty of adequately characterizing these combined NSTE-ACS events with overlapping diagnoses, these results are challenging to fully interpret, but they remain consistent with the finding that the excess risk associated with short-term exposure to PM 2.5 is observed primarily for those with existing diseased coronary arteries. Another interesting finding from this study is evidence of a threshold level of exposure. Based on the Akaike information criterion, a threshold model with a threshold at 25 lg/m 3 of PM 2.5 and a linear effect thereafter fit the data better than a matter air pollution (PM 10 and/or PM 2.5 ) from multiple monitoring sites, and this allowed for nearly complete pollution estimates of ambient PM 2.5 concentrations (monitored plus imputed). There was substantial temporal variability in ambient PM 2.5 concentrations. Furthermore, the estimates from the models were quite robust in relation to inclusion of the weather variables, the use of imputed versus unimputed pollution data, the selection of referent periods, and varying lagged structures. A primary strength of the time-stratified case-crossover design used in this analysis is that there was near-perfect matching for all participant-specific characteristics that do not vary over time; therefore, there was likely no confounding by age, sex, smoking habits, underlying chronic disease, or other patient-level characteristics. In addition, the analysis has been fully stratified by these characteristics. Furthermore, matching event periods with referent periods on the same day of the week before and after the event in the same month allowed for seasonality, long-term time trends, and long-term changes in individual characteristics to be controlled for by design.
The present analysis has a number of limitations. The conditional logistic regression model assumes conditional independence across events. This assumption may be less valid for multiple events from the same patient that occurred in the same month or if the effect of PM 2.5 exposures on following referent or control days was modified because of the event itself or the accompanying medical therapy. The results, however, were not sensitive to analysis that dropped all samemonth subsequent events or used only reference exposure periods that preceded the events. In this analysis, %560 subsequent events occurred in the same month as a previous MI or UA event. When same-month subsequent events were excluded from the analysis, the results were nearly identical. The time-stratified case-crossover design with control or referent periods in the same month before and after the event period should provide unbiased effect estimates. 25, 26 To check this assumption, a sensitivity analysis was conducted with control or referent periods matched on the same day of week for the 3 weeks prior to the event with no referent periods following the event. The results were similar with only slightly larger effect estimates, suggesting minimal potential bias from the referent selection strategy (Figure 2) .
The results of this study are generalizable only to persons with ACS events that resulted in hospital admission and angiography. Some persons who had ACS events did not survive long enough to be hospitalized, thus the study may have a bias toward inclusion of those whose ACS event was less acute or who lived closer to health care facilities such that they were able to be transported and treated at the hospital. Furthermore, various other factors (eg, prior symptoms, higher medical usage, vigilance with symptoms) may affect the likelihood of being enrolled as a study participant.
Another limitation of the study is that we had only 24-hour ambient PM 2.5 concentrations using data from available monitoring sites without personal or in-home monitoring, resulting in the potential for some exposure misclassification. Furthermore, without hourly concentrations, these results cannot be compared directly with the analyses that included hourly data, 13, 18 and we were unable to explore lag structures with <24 hours.
The overall findings of the analysis are intriguing. They indicate that elevated exposures to ambient PM 2.5 air pollution can contribute to triggering of acute coronary events, especially STEMI, in those with preexisting seriously diseased coronary arteries but not in those with clean coronary arteries. 
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